INTRODUCTION
The measurement of motor activity in rodents is one of the most fundamental behavioral tests used in the study of drugs of abuse. In many cases, the behavior is referred to as unconditioned or spontaneous motor activity because it has not been explicitly conditioned by the experimenter. The related term genera/ motor activity is commonly used when monitoring systems are employed that do not distinguish between different aspects of locomotor behavior; while the term locomotor activity is typically applied when ambulatory movements are monitored more specifically. Various instrumentally and operationally defined measures of motor activity have been used to assess the behavioral effects of drugs or other manipulations, either as strict measures of locomotor activity or as measures of more global and context-dependent constructs such as arousal, curiosity, emotionality, and exploration. In psychopharmacology, activity measures are often used as bioassays of drug effects or to establish macroscopic characteristics for drug classes. For example, psychoactive drugs are defined as stimulants or depressants largely on the basis of their effects on gross measures of the motor activity of rodents.
MEASUREMENT CONSIDERATIONS Motor Behavior Versus Locomotor Behavior
The definitions of terms that have been mentioned rest on the assumption that motor activity is a category of behavior. However, so-called spontaneous or general motor activity is not a unitary class of behavior. Rather, depending on the nature of the recording technique, many different behavioral actions may be included within the measured behavior. Each of these behavioral actions could be defined as a response that can be measured and studied in its own right (Skinner 1933) . Such an approach recognizes that macroscopic behavior consists of assemblies of microscopic responses. Hence, any attempt to indiscriminately detect any movement of the animal and combine all these responses into one category called motor activity is an oversimplification of the behavioral observations. Although such approaches have demonstrated some utility insofar as they are able to detect the global effects of drugs, these coarse measures of motor activity provide little or no information about the behavior of the animal or the nature of a drug-induced change in behavior.
Such indications have led most researchers to rely on measures of locomotor behavior rather than motor behavior. Locomotor activity can be defined operationally as movement from place to place and is virtually always one of the behavioral responses that provides a major contribution to any measure of general motor activity. It is, however, a much more specific measure because the monitored behavior is limited to units that specifically reflect the animal's movements of some minimal distance or from one place to another. Such units, which are often called crossovers or crossings, require ambulation by the animal. By design, such measures are insensitive to movements related to sniffing, grooming, eating, drinking, tremor, or breathing. As the field has advanced, many investigators have begun to measure locomotor responses concurrently with other behaviors, such as rearings, object contacts, hole pokes, or patterns of behavior (e.g., circling) to enhance their ability to characterize drug effects and interpret their results.
Automated Monitoring Systems
Only a limited number of different measurement techniques have been applied to detecting locomotor activity in rodents. The primary approaches have relied on photobeams, wheels, touch plates, field detectors based on ultrasonic or capacitance circuits, and mechanical transducers such as jiggle cages, tilt cages, and force platforms. More recently, video imaging techniques were introduced to monitor locomotor activity. Most of the devices, which were reviewed by Reiter and MacPhail (1979) , incorporate mechanical transducers, infrared motion detectors, or field detectors and are limited by the difficulty of differentiating locomotor from nonlocomotor movements (e.g., grooming, sniffing); dependence on the size, weight, or temperature of the animal; and complications associated with standardization and calibration. Different measurement techniques that are purported to measure horizontal locomotion may yield different results depending on the particular sensitivities of the recording device. For instance, Ljungberg (1978) combined two standard activity-monitoring devices, a commercial capacitance-based activity meter and a photobeam box, for assessing simultaneously the effects of several catecholaminergic drugs in rats. He found that the two devices reflected behavioral changes differently and that their results were not correlated.
To date, the most successful and reliable measures of locomotor activity have come from devices that use infrared photobeams. Photobeams are relatively trouble free in operation and can be calibrated and standardized easily. Infrared beams can function independent of the ambient illumination and provide no feedback to the animal even during the nocturnal portion of the animal's sleep-wake cycle. Photobeams can also be used to detect rearings by placing an array of beams at an appropriate height above the animal; the same technology can be used to monitor hole pokes as an explicit measure of exploratory behavior. An important consideration is that repeated interruptions of the same photobeam should not be counted in a measure of locomotor behavior, because they may reflect movements on very small scales. Although the total number of photobeam interruptions has been used widely as a measure of activity, a measure based on successive interruptions of separate beams is more specific to locomotor movements and is therefore generally preferable. There is strong support for the recommendation of Reiter and MacPhail (1979) that all automated activity devices should include a measure that is selectively sensitive to locomotor movements to distinguish them from fine movements associated with grooming, sniffing, tremor, etc. Such an approach will make possible comparisons with other reports in the literature and thereby increase our understanding of at least this major component of motor activity.
Length of Test Sessions
In much of the early work using the traditional open field systems and visual observations of behavior, test sessions were commonly as brief as 3 min to 5 min. Even in the recent literature, some procedures limit the test session to only 10 min. Such short test sessions may be suitable for assessing drug effects on emotionality or exploration, but they are seldom adequate for characterizing treatment effects on the levels or patterns of locomotor activity. Short test sessions maximize the influences of factors such as handling, the familiarity of the animal with the test chamber, and the contribution of behaviors related to attempts to escape. Most such factors are as likely as locomotor activity to be influenced by the drug or other experimental manipulation. The guidelines for motor activity testing established by the U.S. Environmental Protection Agency (EPA 1986, p. 17, 891) provide that "the test session shall be long enough for motor activity to approach asymptotic levels by the last 20 percent of the test session for most treatments and animals' activity counts shall be collected in equal time periods of no greater than 10 minutes duration." In practice, these considerations suggest making test sessions at least 30 min long and preferably 60 min or more.
Nature of the Test Chamber
Several factors must be considered in selecting the size and shape of the test chamber (Geyer 1990 ). If locomotion is the object of study, the chamber must be large enough to elicit this behavior. Further, there are advantages to a chamber that is large enough to permit a meaningful division between central and peripheral areas. For example, a study on the influences of a depletion of central norepinephrine on the hyperactivity induced by amphetamine revealed that although the depletion has no effect on the amount of locomotor hyperactivity, it resulted in a significant increase in the time spent in the center and a significant decrease in time spent in the corners of the chamber (Geyer et al. 1986a ). Conversely, a neurotoxin-induced depletion of brain serotonin had the diametrically opposite effect on the locomotor response to amphetamine, again without altering the amount of activity (Gately et al. 1986 ).
The nature of the test chamber also has important consequences with regard to the sensitivity of the measures to both increases and decreases in the locomotor activity. Beyond general principles of measurement, the advisability of using an experimental design in which one can detect bidirectional changes-i.e., to avoid "ceiling" and "floor" effects-in the measured behavior is clear. Indeed, EPA (1986, p. 17, 891) includes the requirement in its guidelines for measuring motor activity that "the device used must be capable of detecting both increases and decreases in activity, i.e., baseline activity as measured by the device must not be so low as to preclude decreases nor so high as to preclude increases." (Federal Register 1986, p. 17,891) .
One reasonable criterion that has been suggested and could be applied more widely is that the test be capable of detecting the activating effects of amphetamine and the inhibiting effects of chlorpromazine. To satisfy such requirements, the test chamber should be sufficiently novel for the animal so that an adequate level of exploratory locomotor activity is elicited. Potentially misleading floor effects may also be avoided by testing animals during the waking part of their sleep-wake cycle. Unfortunately, the use of paradigms that have limited ability to detect drug-induced decreases in activity is one of the most common and unfortunate weaknesses in the behavioral literature on the effects of psychoactive drugs.
The animal's degree of familiarity with the test environment can have a profound influence on the observed effect of a drug. For example, the reductions in locomotion and investigatory hole poking produced by low doses of hallucinogens in rats tested in a novel test chamber are not seen if the rats are already familiar with the chamber Adams and Geyer 1985a) . Such effects are comparable to the profound and complex influences of the animal's experiential history on the effects of drugs on scheduled behavior.
Importance of the Center of the Chamber (Thigmotaxis)
One of the most noticeable aspects of the locomotor behavior of a rat in an enclosed chamber is the tendency to remain close to the walls, referred to as thigmotaxis. In traditional open field devices, entries into the central portion-usually defined as being more than half a body length away from and therefore not in contact with any wall-often have been scored separately from movements around the periphery. Measures of center entries have proved to be very sensitive to the effects of drugs. For example, hallucinogens decrease entries into the center of a chamber even when they have no effect on the level of activity as measured by either peripheral movements or total number of photobeam interruptions (Adams and Geyer 1985a) . Such findings can be interpreted as a hallucinogen-induced increase in agoraphobia (fear of open spaces), that is, a specific potentiation of the animals' normal avoidance of the presumably threatening central area. The demonstrable significance to the animal of the central portion of an activity chamber underscores the advantages of using a chamber that is large enough to elicit thigmotaxis and to enable the separate detection of central and peripheral movements to be detected separately.
ADVANTAGES OF MULTIVARIATE ASSESSMENTS

Value of Multiple Concurrent Measures
The fundamental conclusion of virtually all critical reviews of activity measures is that it is highly advantageous to assess multiple aspects of exploratory and locomotor activity concurrently (Geyer 1990; Lat 1965; Reiter and MacPhail 1979; Robbins 1977) . The multivariate assessment of unconditioned behavior allows the investigator to assess the validity of hypothetical constructs, make more confident comparisons with other results in the literature, examine the generality and specificity of an observed effect, identify the contribution of response competition, and detect artifacts. For example, many investigators have used locomotor activity measures as indicators of constructs such as arousal and exploration. The challenge has been to distinguish between activity related to an animal's internal level of arousal and activity elicited by external stimuli. Most theorists have concluded that the amount of exploratory behavior is directly related to the novelty and complexity of stimuli in the environment and, in reciprocity with the process of habituation, inversely proportional to the organism's prior experience with those stimuli (Berlyne 1960; Kumar 1968; McReynolds 1962; Montgomery 1955) .
Because standard activity measures are influenced by many factors, behavioral scientists have begun to use hole boards to provide specific measures of investigatory responding. A hole board is simply a test chamber with holes into which burrowing animals such as rats frequently poke their noses. Thus, the holes serve as specific stimuli that elicit easily measured inspective responses. Many hole board chambers rely solely on holes in the floor, a design that maximizes the likelihood that inadvertent missteps by the animal could lead to erroneous counts being generated. Such artifactual responses could easily be related systematically to the drug treatment and therefore could be very misleading. However, holes in the walls can be used with equal success and somewhat more reliability (Flicker and Geyer 1982) . Just as measures of locomotion in the absence of specific measures of investigatory behavior are difficult to interpret in terms of exploratory behavior, inferences based solely on measures of hole poking or head dipping are very questionable unless treatment effects on general levels of activity are assessed simultaneously. For example, although both amphetamine and apomorphine increase locomotor activity, amphetamine increases the frequency of hole pokes and apomorphine decreases it Ljungberg and Ungerstedt 1976) . Such observations indicate that measures of hole poking should not be used without concurrent measures of locomotor activity.
An Example: The Behavioral Pattern Monitor
In the context of characterizing the behavioral effects of psychoactive drugs by themselves and especially in their interactions with other drugs or experimental manipulations, the availability of multiple measures enables the behavioral profiles to be developed and used. The Behavioral Pattern Monitor (BPM) was designed to combine the features of activity and hole board chambers and to measure individual response frequencies and durations (Flicker and Geyer 1982; Geyer 1982) . Each chamber consists of a large (30.5-by 60-cm) black Plexiglas box containing three floor holes and seven wall holes equipped with infrared beams and a wall touch plate to detect rearings. The chamber is crisscrossed with infrared beams, which are sampled by a microcomputer. The computer records the sequences of hole pokes and rearings and the current position with a temporal resolution of 0.1 s and a spatial resolution of 3.8 cm.
Various descriptors are obtained from the raw data, including the total number of photobeam breaks and crossovers from one 15-cm square to another, and more qualitative descriptors such as entries into and time spent in the center and the corners. Because the record of all movements is permanent, it may be used for computer reconstructions of the pattern of movements on paper or on a video display or for calculating of descriptive statistics reflective of treatment-induced differences in these patterns. Further, objects or lights may be placed in specific holes to manipulate their novelty or complexity and elicit discrete inspective and novelty responses (Flicker and Geyer 1982) .
Characterizing the Specificity of Drug Action
A major and fundamental issue in the characterizing of drug effects on behavior is specificity. In the present context, an example is provided by the category of drugs labeled stimulants. Many, but not all, of these drugs are also drugs of abuse. In sharp contrast to the advances in precision and specificity so apparent in most areas of neurosciences and pharmacology, much of the behavioral psychopharmacology literature continues to rely on measures of behavioral activity that cannot differentiate between drugs such as amphetamine and caffeine or between apomorphine and cocaine. That is, if one collects only a single measure of locomotor activity, drugs as different as amphetamine, apomorphine, scopolamine, caffeine, methylenedioxymethamphetamine (MDMA), and nicotine are often indistinguishable. Hence, to assess the value of the multivariate behavioral assessment provided by the BPM system, the effects of various stimulant drugs have been compared in systematic dose-response studies (Geyer 1982; Geyer et al. 1986b; Gold et al. 1988) . The goal was to determine whether developing profiles of locomotor and investigatory behaviors would enable distinctions to be made that cannot be made with standard measures of the amount of activity.
In the studies summarized here, naive male rats were tested only once during their initial exposure to the BPM chambers, Each experiment involving a stimulant drug included four or five groups of 8 to 12 animals each. Test sessions were conducted during the dark phase of the animals' light-dark cycle and lasted 60 min. Subcutaneous injections of saline or one of several doses of the test drug were given 10 min before the animal was introduced to the chamber. The following doses (in milligrams per kilogram) of each drug were tested: amphetamine, 0.25, 0.5, 1.0, and 2.0; scopolamine, 0.125, 0.25, 0.5, and 2.0; caffeine, 2.5, 5.0, 10.0, 15.0, and 20.0; apomorphine 0.1, 0.5, 1.0, and 2.0; nicotine, 0.0625, 0.125, 0.25, and 0.5; MDMA, 1.25, 2.5, 5.0, and 10.0; and lisuride, 0.005, 0.015, 0.03, and 0.06. Details of these experiments may be found in the original reports (Adams and Geyer 1985b; Geyer et al. 1986b; Gold et al. 1988) . For each experiment, repeated-measure and mixed-design analyses of variance were performed for selected variables. Dunnett's tests were used to compare each treatment group with the control group. All statistical comparisons reported here were derived from comparisons of the particular dose group with the corresponding control group, although some figures depict only the results from the most typical control group.
All the drugs elicited dose-related increases in either total photobeam breaks or crossovers, which are defined as movements from one 15-cm square to another. The effects of a representative dose of each drug on crossovers during the first and second halves of the hour-long test session are shown in figure 1 . Clearly, all the drugs can be classified as stimulants on the basis of their shared ability to increase such measures of locomotor activity. Even the simplest multivariate assessment, however, began to differentiate these drugs from one another. Many drugs have differential effects on entries into a central area that are unrelated to differences in overall levels of activity. Scopolamine, apomorphine, and MDMA shared a common effect in that animals tended not to enter the center of the chamber (figure 2).
These three drugs produce characteristic patterns of hyperactivity in which the animals rarely move away from the walls. On the other hand, the increase in center entries produced by caffeine is in direct proportion to the effects of the drug on total movements. Such observations demonstrate that the separate measurement of central versus peripheral movements is of considerable value both in detecting the behavioral effects of drugs and in differentiating the effects of seemingly similar drugs. The dopamine agonist lisuride, which is a structural relative of lysergic acid diethylamide (LSD) and has important effects on serotonergic systems (Adams and Geyer 1985b) , also increased entries into the center to about the same extent that it increased crossovers. Thus, its effects contrast with those of LSD, which markedly decreases center entries (Adams and Geyer 1985a) . In contrast, amphetamine was the only drug that produced a preferential increase in center entries. The BPM also provides explicit measures of exploratory or investigatory behavior, namely hole pokes and rearings. In all cases, each drug had similar effects on both these behaviors, as shown for hole pokes in figure 3. Scopolamine markedly increased both hole pokes and rearings, whereas apomorphine virtually abolished both behaviors and MDMA reduced them. Lisuride also significantly decreased both hole pokes and rearings despite increasing crossovers and center entries. Although caffeine and nicotine produced similar increases in crossovers and at least tended to increase center entries, caffeine increased and nicotine decreased both hole pokes and rearings. Thus, although at the doses selected for comparison all these drugs produce roughly comparable increases in the amount of locomotor activity, they are readily discriminable by means of a rather simple form of multivariate or profile analysis. Just as these drugs may be differentiated biochemically on the basis of binding or other neurochemical effects, or pharmacologically by virtue of their differential sensitivities to receptor antagonists or synthesis inhibitors, so may they be differentiated at a behavioral level even by means of a single test paradigm.
FIGURE 1. Effects of stimulants on crossovers. The effects of the
UTILITY OF ANALYSES OF SPATIAL AND TEMPORAL PATTERNS OF ACTIVITY Patterns of Locomotor Activity
A new and sensitive approach to the study of drug effects on locomotor and exploratory behavior is based on examining the patterns of locomotion by plotting the sequence of movements as the animal explores the chamber. The BPM system permanently stores all the movement patterns of the animal together with the duration of each investigatory response or pause in a particular x-y position. One of the most instructive uses of these data with regard to understanding the structured manner in which a rat explores its environment has been the computer generation of reconstructed visual images of the sequences of hole pokes, rearings, and locomotor movements. As expected, virtually all untreated animals tend consistently to avoid the center region and to stay near a corner of the chamber. The structure of the movement patterns themselves was most easily identified by observing the video displays of the movements when animals were tested in a free-exploration paradigm in which they could move freely between a home cage and the larger BPM chamber. The animal's location in the home cage serves as an organizing focus; excursions to various parts of the larger chamber and back follow progressively more fixed routes over time. Typically, the outbound part of an excursion is more frequently interrupted by investigatory hole poking and rearing than the return. When tested in the more typical forced-exploration situation, the behavior is similar except that each animal selects a particular corner as its home area. Each rat, however, clearly develops its own particular spatial pattern of movements, and this pattern is predictable across time within a session and between sessions.
Drug Effects on Spatial Patterns of Locomotion
The consistency in the locomotor patterns of untreated rats has led to the study of drug-induced changes in these patterns per se. For example, the stimulant drugs that have been discussed above in the context of multivariate assessments have also been examined in terms of their influences on spatial patterns of locomotion (Geyer et al. 1986b; Gold et al. 1988 ). Even at doses that produce comparable increases in the amount of locomotor activity, some of the stimulant drugs are readily distinguishable by virtue of qualitative changes in the animals' locomotor patterns. Some drugs, such as low doses of amphetamine, disrupt the normal structure by producing highly varied patterns of directional changes (figure 4). At higher doses, amphetamine can produce perseverative patterns (Lat 1965; Schiorring 1979) . Other stimulant drugs essentially replace the normal patterns of locomotion with new, even more highly structured patterns. For example, both apomorphine and scopolamine induce movement patterns that are very predictable and seemingly characteristic of each drug. Most animals treated with apomorphine run around the perimeter of the chamber consistently in one direction for most of the session (figure 5). Although scopolamine-treated animals also move around the perimeter of the chamber, they frequently change directions and pause enroute to investigate the holes and rear against the wall, responses only rarely seen with apomorphine-treated rats (Geyer 1982) .
Intermediate combinations have also been noted. For example, doses of 5 to 10 mg/kg of the serotonin-releasing compound MDMA cause animals to move around the perimeter of the chamber, changing directions occasionally as with scopolamine, but without hole poking or rearing as they do with apomorphine. It also appears that stimulants such as caffeine and nicotine do not disrupt the normal structure of the animals' spatial patterns of locomotion. With these drug treatments, it is evident that each animal adopts a preference for a particular home area and establishes preferred excursion routes that are as predictable as those of controls. That is, the structure of their locomotor patterns is largely similar to those exhibited by untreated or saline-treated control animals. These drugs increase activity primarily by reducing the duration of each visit in the home corner. Accordingly, the strongest differences between caffeine or nicotine versus saline controls occur after 20 to 30 min, when the control animals begin to pause longer in their self-selected home corner.
Measures of Perseverative Patterns of Locomotion
Despite the recent advent of automated devices that can record such patterns, the statistical description and analysis of the resulting data has posed a difficult problem. We have had some success with a measure called the spatial coefficient of variation (CV) (Geyer 1982; Geyer et al. 19866) . In our first attempts to use the metric to statistically describe and evaluate the sequences of position changes, the data were reduced into transitions among five areas: the two ends, the center, and the two long walls (figure 6). Subsequent applications of this approach have involved calculating transitions among nine areas (Gold et al. 19866; Geyer et al. 1988) . In either case, transitions among the five or nine areas can be displayed in a matrix with 16 or 40 permissible cells (see figure 6 ). Relative transition frequencies are then calculated as percent of total, and the spatial CV is derived from this set of numbers. To the extent that an animal preferentially repeated certain transitions, the spatial CV increases. A more uniform or random distribution of spatial transitions produces a low spatial CV. Figure 7 illustrates the differential effects of the various stimulant drugs on the CV statistic, a measure of the degree of structure or predictability in the spatial pattern of locomotion. As appropriate to the pattern differences described above, the effects of the drugs on the CV were independent of their effects on figure 1 . The spatial CV is defined in figure 6 . An increase in the spatial CV reflects a more repetitive pattern of movements. * = significant/y different from corresponding control, p < 0.05.
FIGURE 7. Effects of stimulants on the spatial coefficient of variation. Group means for CV, or the coefficient of variation, are shown as in
the amount of activity. The drugs that were observed to produce repetitive or stereotyped patterns of locomotor hyperactivity-scopolamine, MDMA, and especially apomorphine-all significantly increased the CV. Conversely, amphetamine, which increased the frequency of directional changes and produced an unpredictable pattern of locomotion at the doses tested, significantly decreased the CV. Nicotine and caffeine had minimal effects on it. Although lisuride was observed to produce repetitive rotational movements, these predictable patterns were limited to the early part of the test session and tended to form oval patterns centered on the diagonal of the chamber (Adams and Geyer 1985b) . Because this particular pattern did not conform to the arbitrary Cartesian coordinate system used in calculating of the CV, the statistical measure was inconsistent with the observed behavior. Such an example reflects the constant need to compare the results of abstracted descriptive statistics with the object being measured-in this case, locomotor behavior. Discussed below are some newer measures that do not suffer from the low-resolution weaknesses of the CV measure and therefore more accurately describe the behavioral changes induced by lisuride. Despite such occasional limitations of the spatial CV measures, the results depicted in figure 7 reveal that they provide additional information that is not evident in any other measure and that is independent of drug-induced changes in amount of activity.
Although descriptive statistics such as the spatial CV have proved useful, much more work in this area is warranted. The combination of multivariate assessments and pattern analyses provided by systems such as the BPM promises to enhance the study of drug effects on locomotor activity in much the same way the switch from whole-brain to regional analyses of brain chemistry revolutionized our understanding of drug effects on neurotransmitters. The advent of new technologies such as video tracking systems and the associated computer-based pattern analyses should have considerable impact in this area. Further, the application of methods used for analyzing nonlinear dynamical systems is certain to supply a variety of additional measures that have enormous potential to quantify and characterize the effects of drugs on such a complex, dynamic, and metastable behavioral system as spontaneous locomotor activity (e.g., Geyer et al. 1986b; Paulus et al. 1990 ).
SCALING APPROACHES IN BEHAVIORAL PHARMACOLOGY Problem
The data acquisition systems that are currently being used in behavioral experiments are far more sophisticated than the concepts that are being used to deal with the amount and variety of information. The preceding discussions emphasize that more elaborate techniques are necessary for dealing with the information obtained from such experiments.
Approach
In the study of physical systems that are near phase transitions (Stanley 1971) , an important concept emerged that is now widely used to categorize different systems in so-called universality classes. The basic idea is that an important quantity that describes the system (such as its free energy) has the following property:
In words, replacing the argument of this quantity by an argument that is scaled by a factor of , the quantity can be obtained by multiplying the quantity by the factor to some power a. Functions that obey this relationship are said to be scaling. Central to the treatment of statistical mechanical systems near phase transitions (i.e., complex systems that exhibit large fluctuations) are equations that yield a function rather than a number as their solution. Transferring these results to behavioral systems leads to the basic assumption that a single measure will not describe the results adequately. Rather, a function that relates the quantity of interest to its variation depending on intervening variables may provide a more complete description. In other words, insights about the system may be gained by observing a quantity of interest (e.g., locomotor activity) on different levels of observational perspective. Scaling concepts have been extensively used for studying fractal objects in mathematics and physical experiments. A fractal may be described simply as "a shape made of parts similar to the whole in some way" (Mandelbrot 1977) . A concrete example of a scaling relationship is that the mass of an object scales with the measuring resolution with which the object is studied. For a regular "geometric" fractal, this scaling relationship holds as a strict equality, whereas for a "statistical" fractal, it may be described as follows:
[mass] -lengthscale exponent In addition, the range of this scaling ansatz may be specified.
System
When the influence of drugs on unconditioned locomotion is studied, counts of activity based on photobeam breaks provide a quantity that may be a candidate for a scaling approach. The information provided by photobeams depends on the particular apparatus and is not related in a simple fashion to explicit behavioral responses. The locomotor activity of rats in the BPM may be conceptualized as movements that occur on different scales. The movements of an animal may involve small local movements characterized by consecutive photobeam breaks within the same region of the chamber. Such patterns of beam breaks may reflect small head movements, movements that occur during grooming or investigatory behaviors such as rearing or hole poking, or repetitive focal perseverative behaviors such as biting or gnawing. In addition, the animal will exhibit some long, distance-covering movements, which appear as straight paths without interruption by local movements and often reflect the frequently observed rotating pattern of locomotion.
A normally behaving animal will exhibit both local and distance-covering movements, as well as intermediates that are combinations of these movements, during the test session. Although this chapter focuses on the spatial domain, a similar distribution of the durations of events provides a description of the frequencies of movements in the temporal domain.
Descriptors based on response durations may indicate changes in rate of activity. Thus, to describe the behavior exhibited in the BPM, a plane can be constructed that consists of two axes; the first can be used to describe changes in the spatial composition of local and distance-covering movements, and the second displays the overall level of activity. Effects of psychoactive substances in the BPM can therefore be discriminated further to include qualitative aspects of locomotor behavior indicated by changes in the composition of movements.
The locomotor activity observed in this chamber shown in figure 8 has already been expressed as a function of the distance between photobeam breaks on several discrete levels (Geyer et al. 1986b) . It was suggested that the total count of all events serves as a measure of small movement activity, the recordings of crossovers serves as measures of ambulations, and movements between regions such as those in figure 6 serve as indicators of larger movements within the BPM. This idea can be extended using the scaling approach to introduce the following basic relationship, where L is the average length of consecutive response sequences, i.e., positions of the rat in the BPM chamber, measured with resolution I. The value d is often identified with the fractal dimension (Mandelbrot 1977) of an object. We will refer to it here as the spatial scaling exponent and have deliberately avoided calling it dimension, because new developments in the application of ergodic theory to experimental data sets have resulted in a variety of dimension measures that may be obtained by embedding the data into higher dimensional spaces (for an overview, see Farmer et al. 1983 constructed from the recorded data sets. The city block metric was chosen as a suitable distance metric because it seems to be particularly sensitive to the correspondence between changes in the photobeams and changes in the (x-y) position of the animal in the BPM. It is computed as
The average distance of response sequences, L, starting at the mth position in the data set, reads where C is a normalization factor ensuring that end effects are not influencing the distance calculation. The scaling exponent dis computed by fitting the slope of the line of log(L) vs. log(I) with a least-square procedure. The physical interpretation of the exponent d can be obtained by considering an example of a path observed in the BPM chamber, which is schematically given in figure 8. In the first case, successive observations result in locations of the rat in the box that are connected by straight lines. The function L(I) results in a linear dependence on I, thus giving the simplest result, namely, that the scaling exponent for a straight line is 1. In the second case, consider a path that is very irregular and covers only a moderate distance after many successive observations. In this case, the average distance measured is smaller with a low-resolution instrument than with a high-resolution instrument, resulting in a stronger decay of the average distance than with the straight path and therefore in a higher d exponent. The spatial scaling exponent d consequently characterizes how path lengths depend on the resolution of the instrument and allows one to quantify different qualitative geometrical features of the locomotor behavior.
So far, the response was defined to be a movement within a given measurement resolution without considering how long it takes to observe one response. A second scaling approach can be formulated by considering a measuring instrument that is recording the position of the animal in the box with different time resolutions. Thus, the following relationship may be assumed:
which states that the number of observations within a given time resolution depends on the time and a characteristic time scaling exponent, alpha or More simply stated, the number of responses having a certain length (t, t)in the BPM chamber decays with a power law behavior. The interpretation of may be facilitated by an example. An animal treated with a stimulant drug like amphetamine exhibits many fast locomotor responses because of the increased amount of activity. Conversely, slow responses are correspondingly more infrequent than saline control animals and faster responses dominate the behavior. Such an effect results in a rapid decay of the number of responses observed with increasing response time; thus a larger time scaling exponent is obtained. A rat that shows less locomotor activity in the BPM than controls exhibits relatively more slow responses, thereby slowing the decay of the number of the responses across increasing response times and yielding a smaller
The Goal
The eventual goals of this line of investigation are (1) to develop metrics that can facilitate comparisons among the effects of substances and other manipulations and then (2) to identify a small number of parameters that describe the macroscopic properties of the complex system. The main concept of synergetics (Haken 1983) is that interacting systems self-organize and exhibit global properties that are not dependent on the microscopic details of the system. These properties are described by order parameters, which consist of macroscopic collective variables and characterize the self-organized behavior. The characterization of the effects of substances on different behavioral paradigms is undoubtedly influenced by many factors, some of which were presented in papers at this meeting ("Importance of Behavioral Controls in the Analysis of Ongoing Events" and "Cocaine Self-Administration: Pharmacology and Behavior"). Substances may influence behavior through the interaction of several neurotransmitters and neuropeptides in different locations in the brain, as pointed out by Koob ("Neurobiological Approaches to Brain-Behavior Interaction: Summary and Overview"). Therefore, with unconditioned locomotion as the dependent variable, one has to assume that the effects of different substances reflect combinations of many effects on different neuronal systems. To capture the differential effects of psychoactive substances, the spatial scaling exponent dand the temporal scaling exponent were taken to be order parameters that describe the macroscopic organization of locomotor behavior in the BPM. The first objective was to identify categories of substance effects in the d versus plane.
Implementation
The implementation and application of scaling approaches to this behavioral data set follow a scheme that is broadly applicable to a wide variety of data sets. There are, however, important subtleties that may have strong influences on the identification of the order parameter or parameters. The implementation consists of a four-stage process.
1.
2.
3.
4.
A set of behavioral observations is considered for evaluating the effect of the independent variable in the experiment. In the case of locomotor activity experiments, these observations depend strongly on the specifics of the apparatus used; e.g., for the BPM, the sets recorded consist of a location in the BPM chamber, whether rearing or hole poking has occurred, and the time since the last response.
The second stage, an important step in determining the order parameters, involves a transformation of the data set in a suitable space. The choice of the space depends strongly on the theoretical construct used to assess changes induced by drugs. In our case, to calculate the spatial scaling exponent d, we transformed the data set into Euclidean space equipped with the city block metric.
A measure is defined, i.e., a function that converts elements of the previously defined space into a number (M:S R). We chose the average length of the paths traveled in the BPM chamber and the number of responses with a certain response time as the measures of interest to describe the effects of the drugs.
It is determined whether a scaling relationship exists between the measure and a variable that influences the measure. If a scaling relationship is observed, then this variable may serve as an order parameter, because it combines the information of the measurement on different levels of observation. For the paths of the rats in the BPM, the average length served as the measure and the length scale was used as an order parameter leading to the calculation of d. Similarly, the number of observed responses having a response time between t and (t + t) served as another measure that showed a scaling relationship with the response time as an order parameter resulting in the calculation of The rats treated with apomorphine showed more complicated group differences (d: F[4, 421 = 6.10) (figure 10). The lowest dose (0.1 mg/kg) resulted in an increased spatial scaling exponent, d, and higher doses (0.5 and 1.0 mg/kg) reduced this scaling exponent to a level that was somewhat lower (for 2.0 mg/kg) than that of the saline control group. Thus, the paths of the low-dose apomorphine animals can be characterized as more jagged, covering less distance with increasing number of consecutive responses. The higher dose animals exhibit straightened paths that are characterized by a lower scaling exponent resulting in longer distances observed with increasing response length. The changes in the temporal scaling exponent which differed significantly among the different dose groups ( : F[4, 42] = 29.97) documented an increased decay of time occurrences for the higher doses of apomorphine (0.5 to 2.0 mg/kg) as a result of the increased activity that was displayed by the animals. As with amphetamine, the distribution changes correspond to a rotation of the response time distribution. This response is portrayed in the d-a plane indicating the biphasic relationship with increasing dose, the lower dose being displaced to the upper right, whereas increasing doses shift the groups to the lower left.
The dose-response curve of lisuride is displayed in figure 11. Significant changes among the different dose groups (F[4,38] = 21.93) reflect the straightened paths characteristic of animals treated with higher doses (30 and 60 µg/kg) and paths that are unchanged with respect to the saline control group for the lower doses (5.0 and 15.0 µg/kg). The temporal scaling exponent a showed significant differences (F [4, 38] = 28.36), indicating that for the three lower doses a reduction of locomotor activity occurred, which agrees with other measures taken from these same animals and reported by Adams and Geyer (1985b) . The distribution of response times is also indicative of a stimulant effect producing more populated fast time bins for the highest dose (60 µg/kg). The effect of lisuride can therefore be characterized as a low-dose slowing and a high-dose stimulating effect. In the d-plane, the biphasic relationship of the lisuride dose to both the temporal and spatial scaling exponents results in a slightly different curve than the apomorphine curve. Lisuride suppresses the activity for most doses tested, and a reduction in d is observed even with lower levels of activity. The structure of the paths in the BPM chamber is therefore relatively independent of the amount of activity observed; in this particular case, long distance-covering moves predominate the behavior even with a reduction in the overall activity. Furthermore, this pattern of results is more representative of the observed behavior of the animals than was the spatial CV statistic shown in figure 7. Although the CV was insensitive to the long distance-covering movements because they were not oriented in a suitable Cartesian frame, the d measure captured this effect of the drug more adequately. F[3,34] = 9.50) for the two highest doses versus the saline control and versus the 1.25-and 2.5-mg/kg groups. This result points to a temporal restructuring of the responses toward faster movements with less time being spent at each successive position in the BPM chamber. Across all the drugs compared here, the sensitivity of a has proven to be much greater than either crossovers or total beam breaks as a measure of changes in the amount of activity. Such results indicate that a is an important indicator that enables us to distinguish even small changes in activity.
Several patterns seem to emerge from this evaluation. First, amphetamine proved to be the most potent stimulant of the drugs compared; it displaced the a exponent farthest from the origin. Next were MDMA, apomorphine, and lisuride, in that order. Second, apomorphine and lisuride show a low-dose increase in a with a small increase in d, suggesting that in both cases the paths become more clustered as the temporal behavior slows down. Third, MDMA and lisuride lead to the strongest decrease in d, followed by apomorphine, indicating a stimulating action that leads to both a speeding of responses and a decreased clustering of consecutive responses. Last, it can be summarized that the change in a is not uniformly associated with a similar change in d for the different substances evaluated here; thus is emphasized the distinctness of the information that can be obtained from these measures.
Outlook
The application of scaling concepts to behavioral data points toward several interesting directions. First, an enormous reduction and compression of information may be obtained by finding a suitable variable that shows scaling of the quantities of interest, e.g., measures of locomotor activity. Second, distinct subgroups of behavioral reactions could be identified based on the basis of different changes of the temporal and spatial scaling exponents. These subgroups can be distinguished from one another by a measure of distance within the plane defined by both exponents d and . Thus, a quantitative descriptor of similarity may be defined, either as a vector quantity or as a measure describing the distance between different drug reactions and the directions of the different effects. Finally, to predict drug effects, to distinguish between different phases of drug effects, or to study rapidly occurring fluctuations induced by drugs, a quantitative model could be based on the order parameter concept. In such a model, a set of independent variables-which may be based on any of the behavioral, biochemical, or neurophysiological measures described in this volume (e.g., "Psychomotor Stimulant Effects on Single Neurons in Awake, Behaving Rats, " "Microdialysis in the Study of Psychostimulants and the Neural Substrate for Reinforcement: Focus on Dopamine and Serotonin," and "Neurophysiological Approaches to Receptor Pharmacodynamics")-define a function describing the quantitative change of the order parameter, e.g.,
The change in x 1 and x 2 may correspond to effects on different receptor types, which eventually should result in the development of suitable combinations of substances affecting the different receptor systems in order to obtain a macroscopic change in behavior compatible with the change in the order parameters.
CONCLUSIONS
This review has discussed some of the important considerations in assessing the effects of drugs or other treatments on the locomotor activity of rodents. The need to clearly define the behavior being studied has led to most researchers, and this review, focusing on measures of locomotor activity versus more inclusive measures of general motor activity. For a variety of reasons, the most reliable measures of rodent activity are those that are selective for locomotor movements from one place to another. Additional considerations, including the importance of using a test system that enables the detection of either increases or decreases in activity, indicate that the test chambers to be used should be of sufficient novelty or complexity for the control subjects so that they exhibit an adequate level of activity. For most practical purposes, therefore, the minimal system suitable for most investigators is one in which the test chamber is (1) large enough to engender in the animals locomotion that is qualitatively different from their locomotion in the residential caging and (2) equipped for automated measures selective to locomotor movements. The further ability to use the system in the nocturnal portion of the animal's sleep-wake cycle without providing feedback to the animal is advantageous from the point of view of flexibility and sensitivity. Such criteria are readily satisfied by systems based on infrared photobeams, which are clearly the most common and generally satisfactory detectors. The additional advantage of photobeam systems is that they can easily provide a secondary measure of general or fine motor activity, which, while having limited behavioral meaning, can serve as an assay of drug effects and indicate the need for further studies.
A number of more complex issues are relevant to more thorough and behaviorally meaningful characterizations of drug effects on locomotor activity. The foremost concern involves the desirability of multiple concurrent measures, preferably of explicit investigatory responses as well as locomotor movements.
Maximizing the sensitivity of measures of locomotor activity requires some recognition of the qualitative features and structure of the spatiotemporal patterns of locomotion exhibited by rodents in the given test environment. From a behavioral point of view, the nature of the test chamber has profound effects on the kinds of questions the investigator may address. The example described here, the BPM system, demonstrates some of the ways that detailed analyses of patterns of locomotion may increase the sensitivity and interpretability of one's measures. The behavioral profiles provided by such multivariate assessment techniques greatly enhance the specificity with which drug effects can be characterized. With the advent of new detector systems such as video imaging methods and the further development of new metrics, such as those evolving from the study of nonlinear dynamic systems, future state-of-the-art studies of locomotor activity are likely to provide ever more informative and powerful approaches to understanding the behavioral effects of drugs. 
